As a consequence of the extreme precision of the measurements it performs, a LIGO/VIRGO-type interferometric gravitational wave detector (IGWD) is a macroscopic apparatus for which quantum effects are not negligible. We observe that this property of IGWDs can be exploited to probe some aspects of the interface between Quantum Mechanics and Gravity. In particular, we find that IGWDs can test two recent proposals concerning the interplay between "system" and apparatus in Quantum Gravity regimes. We also show that there is an absolute limitation on the measurability of the amplitude of a gravitational wave. This measurability bound is obtained by combining a well-known "standard quantum limit," which depends on the mass of the mirrors used by the IGWDs, and a limitation on the mass of the mirrors that is imposed by gravitational effects.
IGWDs are based on the general setup of the famous Michelson inteferometer. They are schematically composed [1] of a (laser) light source, a beam splitter and two fullyreflecting mirrors placed at a distance L from the beam splitter in orthogonal directions. The light beam is decomposed by the beam splitter into a transmitted beam directed toward one of the mirrors and a reflected beam directed toward the other mirror; the beams are then reflected by the mirrors back toward the beam splitter, where [1] they are superposed 1 . The resulting interference pattern is of course sensitive to changes in the positions of the mirrors relative to the beam splitter, and is therefore sensitive to gravitational waves (which, as described in the proper reference frame [1] , have the effect of changing these relative positions). With just a few lines of simple algebra one can show that an ideal gravitational wave of amplitude h and reduced 2 wavelength λ − gw
propagating along the direction orthogonal to the plane of the interferometer would cause a change in the interference pattern as for a phase shift of magnitude ∆φ = D L /λ − , where λ − is the reduced wavelength of the light beam used in the measurement procedure and [1, 2] 
is the magnitude of the change caused by the gravitational wave in the length of the arms of the IGWD. (The changes in the lengths of the two arms have opposite sign [1] .) The extreme precision of IGWDs is evident in the fact that, at least for gravitational waves with λ − gw of order 10 3 Km, the next LIGO/VIRGO generation of detectors should be sensitive to h as low as 3 · 10 −22 . Remarkably, this will be achieved by reaching sensitivity to metric perturbations with associated changes of order 10 −16 cm in the length of the arms of the interferometer. It is for this reason that in the analysis of measurements by such macroscopic detectors one ends up having to take into account [1] the type of quantum effects usually significant only for the study of processes on the atomic scale. In particular, there is the so-called standard quantum limit on the measurability of h that results from the combined minimization of photon shot noise and radiation pressure noise. While a careful discussion of these two noise sources (which the interested reader can find in Ref. [1] ) is quite insightful, here we shall rederive this standard quantum limit in a less insightful but straightforward manner (also discussed in Ref. [2] ), which relies on direct application of Heisenberg's uncertainty principle to the position and momentum of a mirror relative to the position of the beam splitter. Since the bodies involved are macroscopic, and therefore the corresponding momenta and velocities are related non-relativistically, the uncertainty principle implies δx δv ≥h 2
1 Although planned IGWDs rely on the technique of folded interferometer's arms (the light beam bounces several times between the beam splitter and the mirrors before superposition), we shall articulate our discussion in the simpler "no-folding" conceptual setup. The readers familiar with the subject can easily realize that the observations here reported also apply to more realistic setups, although in some steps of the derivations the length L would have to be understood as the optical length (given by the actual length of the arms times the number of foldings). 2 We report our results in terms of reduced wavelengths λ − (which are related to the wavelengths λ by λ − = λ/(2π)) in order to avoid cumbersome factors of π in some of the formulas.
where M m is the mass of the mirror and M b is the mass of the beam splitter. [The reduced mass M m M b /(M m + M b ) characterizes the relative motion.] Clearly, the high precision of the planned measurements requires [1, 2] that the position of the mirrors be kept under control during the whole time 2L/c (c being the speed-of-light constant) that the beam spends in between the arms of the detector before superposition. When combined with (2) this leads to the finding that, for any given value of M m , the D L induced by the gravitational wave can be measured only up to an irreducible uncertainty
The basic conceptual ingredients of this standard quantum limit were already present in early works on Quantum Mechanics, and in particular were discussed in an influential study by Wigner [3] . Wigner simply derived a quantum limit on the measurability of the distance D between two bodies by analyzing a measurement procedure based on the exchange of a light signal between the bodies. In complete analogy with (3) Wigner's analysis leads to the bound
where M is the mass of the lighest device involved in the measurement procedure. The similarities between Wigner's analysis of distance measurability and the analysis we sketched above of measurability by IGWDs are a consequence of the fact that in both contexts a light signal is exchanged and the measurement procedure requires that the relative positions of some devices be known with high accuracy during the whole time that the signal spends between the bodies. Both the result (3) and the classic Wigner result (4) may at first appear somewhat puzzling, since ordinary Quantum Mechanics should not limit the measurability of any observable. [It only limits the combined measurability of pairs of conjugate observables.] In order to unveil the consistency of equations such as (3) and (4) with the principles of Quantum Mechanics it is important to take into account that Quantum Mechanics is the theoretical framework for the description of the outcome of experiments performed by classical devices. In the limit in which the devices (e.g. mirrors) behave "classically", which in particular requires the devices to be infinitely massive (so that δx δv ∼h/m ∼ 0), the right-hand sides of the equations (3) and (4) tend to zero. Therefore, as expected, there is no limitation on the measurability of our observables in the appropriate "classical-device limit." However, this line of argument depends crucially on the fact that ordinary Quantum Mechanics does not involve gravitation. As observed by several authors (see, e.g. Refs. [4, 5, 6, 7, 8, 9, 10] ) the classical infinitemass limit is not consistent with the nature of measurements involving gravitational effects. As the devices get more and more massive they increasingly disturb the gravitational/geometrical observables, and well before reaching the infinite-mass limit the procedures for the measurement of gravitational observables cannot be meaningfully performed [7] . The central point of the present Letter is that the implications of this observation for the quantum limits (3) and (4) could play an important role in the physics of IGWDs. Let us start by considering the implications for the measurability of the amplitude h of a gravitational wave with reduced wavelength λ − gw . Firstly, we combine (1) and (3) to obtain
We then observe that, when gravitational effects are taken into account, there is an obvious limitation on the mass of the mirror: M m must be small enough that the mirror does not turn into a black hole. This is of course a very conservative bound, since a mirror stops being useful as a device well before it turns into a black hole, but even this conservative approach will lead us to a significant finding. In order for the mirror not to give a black hole one requires M m <hS m /(cL 2 p ), where L p ∼ 10 −33 cm is the Planck length and S m is the size of the mirror (e.g. S 2 m is the area of the surface of the mirror). This observation combined with (5) implies that we would have obtained a bound on the measurability of h if we found a maximum allowed mirror size S m . In estimating this maximum S m one can be easily led to two extreme assumptions that go in opposite directions. It is perhaps worth commenting on the weaknesses of these assumptions, as this renders more intuitive the discussion of the correct estimate. On one extreme, one could suppose that in order to achieve a sensitivity to D L as low as 10 −16 cm it might be necessary to "accurately position" each 10 −32 cm 2 surface element of the mirror. If this was really necessary, our line of argument would then lead to a rather large measurability bound, i.e. the one that corresponds to a maximum S m of order 10 −16 cm. Fortunately, the phase of the wavefront of the reflected light beam is determined by the average position of all the atoms across the beam's width, and therefore microscopic irregularities in the structure of the mirror only lead to scattering of a small fraction of light out of the beam. This suggests that in our analysis the size of the mirror should be assumed to be of the order of the width of the beam [1] . Once this is taken into account another extreme assumption might appear to be viable. In fact, especially when guided by intuition coming from table-top interferometers, one might simply assume that the mirror could be attached to a very massive body. Within this assumption our line of argument would not lead to any bound on the measurability of h. However, whereas for the type of accuracies typically involved in table-top experiments the idealization of a mirror attached to the table is appropriate 3 , in IGWDs the precision is so high that it becomes necessary to take into account the fact that no attachment procedure can violate the uncertainty principle (and causality). Clearly by attaching a mirror of size S m to a massive body one would not avoid the minimum uncertainty cT L 2 p /S m in the position of the mirror over a time T . Again we see that in our analysis the size S m of the mirror should be taken to be of the order of the width of the beam, rather than being replaced by the size of some massive body attached to the mirror. In light of these considerations one clearly sees an upper bound on S m ; in fact, unless 4 the width of the beam (and therefore the size of the mirror) is smaller than λ − gw the gravitational wave that is being observed would introduce effects in conflict with the structure of the measurement procedure (e.g. leading to a nonlinear relation between D L and h). We conclude that M m should be smaller thanhλ − gw /(cL 2 p ), and this allows us to obtain from (5) the measurability bound
This result not only sets a lower bound on the measurability of h with given arm's length L, but also encodes an absolute (i.e. irrespective of the value of L) lower bound, as a result of the fact that the function √ x/| sin(x/2)| has an absolute minimum: min[ √ x/ sin(x/2)] ∼ 1.66. This novel measurability bound is a significant departure from the principles of ordinary Quantum Mechanics, especially in light of the fact that it describes a limitation on the measurability of a single observable, rather than a pair of conjugate observables. We have obtained this bound without assuming any specific model for Quantum Gravity; we just applied Quantum Mechanics and some aspects of classical gravity in a weak-field regime where they both could be expected to apply. In this semiclassical description of the weak-field limit of Quantum Gravity one basically assumes that it is legitimate to extrapolate from conventional properties of Quantum Mechanics and gravitation. This appears to be a rather natural assumption, although of course there is no guarantee that it give the correct weak-field limit of Quantum Gravity. The possible usefulness of this assumption in exploring some Quantum-Gravity regimes is best illustrated by the success of its application to the theoretical study of black holes, which led to Hawking's beautiful discussion of black hole radiation [11] . Moreover, the celebrated experiment by Colella, Overhauser and Werner [12] has confirmed the predictions of gravity-induced quantum interference which were also obtained by just combining Quantum Mechanics and classical gravity in a weak-field regime. 5 We also emphasize that the bound (6) encodes an aspect of a novel type of interplay between "system" and apparatus in Quantum-Gravity regimes; in fact, in deriving (6) a crucial role was played by the fact that in accurate measurements of gravitational/geometrical observables it is no longer possible [9] to advocate an idealized description of the devices. (In ordinary non-gravitational Quantum Mechanics one assumes to have available "classical" devices that can be positioned with arbitrary accuracy and whose level of interaction with the system can be tuned at will.) 4 Note that for the gravitational waves to which LIGO will be most sensitive, which have λ − gw of order 10 3 Km, the requirement S m < λ − gw simply states that the size of mirrors should be smaller than 10 3 Km. This bound might appear very conservative, but we are trying to establish an in principle limitation on the measurability of h, and therefore we should not take into account that present-day technology is very far from being able to produce a 10 3 Km mirror with the required profile precision. 5 Interestingly, the experimental results reported in Ref. [12] also show that Quantum Gravity should accommodate some non-geometric elements. Whereas all the properties of free-falling bodies in the classical Einstein theory of gravitation are "geometrical" (e.g. independent of the masses of the bodies), the gravity-induced quantum interference is mass dependent [12] . Other non-geometric aspects of Quantum Gravity are discussed in Ref. [13] .
It is also important to realize that the bound (6) cannot be obtained by just assuming [14, 15] that the Planck length L p provide the minimum uncertainty for lengths. In fact, if one just assumes D L ≥ L p the resulting uncertainty on h, which we denote with δh (Lp) , has the property
whereas, exploiting the above-mentioned properties of the function √ x/| sin(x/2)|, from (6) one finds
Actually, in light of the comparison of Eqs. (7) and (8) one can envisage to rederive the bound (6) from the implications of a minimum length L p combined with an energydependent (λ − gw -dependent) correction 6 . Unfortunately, the bound (6) is not going to noticeably affect the operation of the LIGO/VIRGO generation of detectors (where it would only provide noise below h ∼ 10 −40 ), and it is unlikely that it would noticeably affect the physics of near-future IGWDs. It appears that the novel measurability bound might be more significant for theoretical work on Quantum Gravity (by encouraging the search of a new theoretical framework which differs from ordinary Quantum Mechanics in such a way to accommodate (6)) than for forthcoming experimental endeavors. Planned IGWDs could instead provide rather significant tests of other proposals concerning the nature of the relation between "system" and apparatus in Quantum-Gravity regimes; specifically, the ones that have emerged in recent reanalyses of Wigner's Eq. (4). In Refs. [7, 8, 9] arguments somewhat related to the ones used above to derive our novel bound on the measurability of h were used to analyze the measurability of distances in Quantum Gravity. Also in that case a measurability bound was found to result from the fact that the infinitemass limit is inconsistent with the nature of Wigner's procedure for the measurement of distance. In order to introduce this bound at the level of a fundamental principle for Quantum Gravity it was proposed [7, 8, 9] that the relation between "system" and apparatus in Quantum-Gravity regimes might be such that a distance D could only be measured up to an irreducible uncertainty
where L QG is a fundamental length scale, which one expects to be simply related to the Planck length. Eq.(9) reflects the √ D dependence of Wigner's Eq. (4) and has been found to fit naturally within the mathematical framework of dimensionfully deformed Poincaré symmetries [17, 18] . Moreover, a measurability bound of type (9) has been found to characterize Liouville (non-critical) String Theory [19, 20] .
While conceptually (9) represents a drastic departure from ordinary Quantum Mechanics (just in the same sense as Eq. (6)) phenomenologically it appears to encode only a minute effect; for example, it has been observed that according to (9) the size of the observable universe (about 10 10 light years) would have an irreducible uncertainty of less than 10 −2 cm if L QG /L p ∼ 1. However, the precision of IGWDs is such that the proposal (9) can be put to very serious test. In fact, an irreducible "quantum fuzziness" of order LL QG in the length L ∼ 4Km of the arms of LIGO would introduce an irreducible source of noise of order 2 · 10 −14 cm · L QG /L p . If indeed the expected sensitivity of order 10 −16 cm is achieved at LIGO, we would be able to rule out values of L QG all the way down to 10 −37 cm. Actually, a significant bound on L QG is already encoded in the noise levels achieved [21] at the Caltech-based LIGO prototype, which rule out all values of L QG down to 10 −33 cm. As announced above, planned IGWDs can also be used to test another proposal concerning a bound on the measurability of distances. This second proposal has been discussed in detail in Ref. [6] , but some of its elements, including the proposed measurability bound, were already present in the earlier Ref. [4] . In these studies a crucial role is again played by Wigner's result (4) and by the realization that the limit of infinitely-massive devices cannot be meaningfully considered in experiments on gravitation. Combining these ingredients with some assumptions concerning the way in which the gravitational field generated by the devices would affect the measurement procedure, these studies have led to the proposal of another type of bound on the measurability of a distance D min[δD] ≥ (DL 
where the length scale L QG is as usual expected to be simply related to the Planck length. Notice that in this proposal δD grows with D only like D 1/3 whereas the proposal (9) has the sharper √ D dependence; this implies that IGWDs can set bounds on L QG that are less stringent than the corresponding bounds on L QG . LIGO-type IGWDs with 4Km arms and 10 −16 cm sensitivity could rule out all values of L QG down to 10 −27 cm. Such a bound on L QG would already be significant, by providing the most sensitive test of (10), but the intuition that is emerging from theoretical work on Quantum Gravity does not provide encouragement for the hope of finding QuantumGravity effects characterized by length scales of order 10 −27 cm. [Up to now, promising theoretical studies have involved Quantum-Gravity effects characterized [22] 
